Abstract The accumulation of He on a W surface during keV-He ion irradiation has been simulated using cluster dynamics modeling. This is based mainly on rate theory and improved by involving different types of objects, adopting up-to-date parameters and complex reaction processes, as well as considering the diffusion process along with depth. These new features make the simulated results compare very well with the experimental ones. The accumulation and diffusion processes are analyzed, and the depth and size dependence of the He concentrations contributed by different types of He clusters is also discussed. The exploration of the trapping and diffusion effects of the He atoms is helpful in understanding the evolution of the damages in the near-surface of plasma-facing materials under He ion irradiation.
Introduction
Plasma-facing materials (PFMs) in nuclear fusion reactors (e.g. ITER) suffer heavy bombardment from the plasma by particles such as hydrogen isotopes (H, D and T) and helium (He) ions with energies up to several keV, as well as energetic neutrons and high heat loads generated by the D-T fusion reaction [1] . This process may well lead to damage of the metal surface, for example erosion, sputtering and blistering [2] . In particular, the mechanisms of He accumulation in the near-surface under He ion irradiation on PFMs such as W are important in the estimation of damage formation and distribution, but have not yet been well understood.
In this respect, extensive studies have been performed to investigate the effects of He ion irradiation on W for a wide range of burning plasma conditions with different ion energies, temperatures and fluences, using ion accelerators or large-sized plasma confinement devices, as well as several analysis techniques [3∼10] . Injected He atoms would be trapped deeply by lattice defects such as vacancies and He-vacancy complexes formed by self-irradiation damage when the incidence energy of He ions is larger than 400 eV for the case of W (above-threshold He) [11] . Thus the distribution of He atoms is mainly in the near-surface of several nanometers to several tenths of nanometers for several keV He ions, while a small fraction can extend into the in-bulk. It is necessary to comprehend quantitatively the mechanics of He trapping and diffusion effects, and the contributions by different types of He clusters in W.
Recently, a few theoretical works have investigated the behavior of the He atoms and the microstructure evolution in W based on the cluster dynamics model [12, 13] , kinetic Monte Carlo (KMC) model [14, 15] , and also a Monte Carlo simulation code (ACAT-DIFFUSE) [16] . However, for the case of keV-He ion implantation, long-range in-depth diffusion should be considered to estimate the distribution of accumulated He atoms in the near-surface of W, and more reliable parameters (in particular the characteristic energies) or more reasonable reaction defect mechanisms should still be addressed to achieve credible results. Therefore, in this paper the accumulation of He in a W surface during irradiation with several-keV He ions has been simulated using a cluster dynamics model. The model is based on rate theory and has been improved recently by involving different types of objects, adopting up-to-date parameters as well as complex reaction processes, and considering the diffusion process along with depth in a long-range depth scale. The aim of this study is to understand the behavior of He in W under several-keV He ion irradiation related to the PFMs in fusion reactor conditions.
Simulation model
The cluster dynamics model used here can provide information about the roles of different migration and reaction mechanisms, the diffusion processes and the depth distribution for different defects. Several assumptions are employed as follows.
a. The basic types of defect considered in the model are self-interstitial atoms (SIAs, I), vacancies (V), helium atoms (He) and the formed complex clusters (I n , V n , He n , He n I and He m V n , where m and n are the numbers of defects in a loop/cluster) by binary reactions.
b. Only SIAs (I), di-interstitials (I 2 ), vacancies (V) and helium atoms (He) are considered to be mobile for simplification, while all the other defect clusters are considered to be immobile.
c. The reaction types concerned and the corresponding rate coefficients are listed in Table 1 . For simplicity, the trap mutation has not been included here. The trap mutation is defined as the process during which a He-vacancy complex containing excess helium atoms creates additional vacancies by emitting SIAs into its surrounding lattice [12] . This is a reasonable approximation in the case of keV-He ion irradiation for two reasons. First it is only a minor contribution by the cluster sizes larger than about six, whose concentration is negligible. Second it can hardly influence the distribution of He concentrations here, but mildly influences the existent types of He clusters.
Master equations
The cluster dynamical processes considered here are described with the rate theory model in terms of the density/concentration of different defects along with depth for the case of He implantation in W. The evolutions of mobile defects are described in a set of onedimensional spatial diffusion-reaction equations by taking into account their diffusion and possible reactions with other defects, while the evolutions of immobile clusters are described by the master equations based on the following general equation [13,17∼23] ,
where, C θ (θ=I, I 2 , V, He, I n , V n , He n , He n I, He m V n ) is the concentration of defect θ, G θ , D θ , and L θ (θ = I, I 2 , V, He) are the production rate, the diffusion and absorption coefficients of different mobile defects in materials, w(θ , θ) is the transition rate coefficient per unit concentration of a defect cluster of type θ to a defect cluster of type θ (as listed in Table 1 ). Here, thousands of partial differential equations (PDEs) will be solved for different types of defects and a set of depth points of N z .
Rate coefficients
The rate coefficients (listed in Table 1 ) describe the physical production rates and the capture and emission rates of point defects by defect clusters [19, 21, 23] . These processes include the production and recombination of I-V point defects and the reactions of different kinds of clusters (I n , V n , He m V n and He n I) with mobile defects θ| θ=I,I2,V , i.e. I n − θ| θ=I,I2,V , V n − θ| θ=I,I2,V,He , He m V n − θ| θ=I,I2,V,He , He n I − θ| θ=V,He . The rate distribution of Frenkel pairs near-surface produced by He implantation, G I/V (dpas −1 ), is estimated using the TRIM-code [24] . The absorption rates of point defects (I, I 2 , V, He) by defect clusters (toroidal dislocation loops, spherical vacancy clusters and He-SIA/vacancy complexes) are calculated based on the assumption of a diffusion-limited regime. The rates of point defects emitted from defect clusters are obtained by the detail balance conditions in terms of the corresponding absorption rates. 
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The diffusion coefficients (D I , D V and D He ) of SIA, vacancy and He point defects are calculated in the Arrhenius form for thermally activated events. The binding energies of point defects (I, I 2 , V, He) with dislocation loops/vacancy clusters are estimated by the capillary law approximation [15, 19, 21] . Moreover, the binding energy of a He atom or vacancy with He m V n complexes (E b HemVn−θ | θ=He,V ) is obtained from ab initio or MD calculations for small clusters and extrapolated to the larger ones, as in Refs. [14, 15] .
Furthermore, because it is only a minor influence on the cases we are concerned with here, we have neglected the loss rate of I, I 2 and V by dislocations and taken the surface as the only sink for simplification.
Numerical method
The evolution of cluster size is then obtained through the numerical resolution of a large number of PDEs (typically ∼ 10
3 ). However, the interstitial loops considered here contain a large number of SIAs (typically ∼ 10 4 ), which would exceed current computing capacity. In order to extend this limit and increase computation efficiency, for larger interstitial loops the discrete master equation is transformed into a continuous Fokker-Plank-type equation by Taylor series expansion up to the second-order terms [18, 25] . Here, only the reaction types of SIAs with interstitial loops are included for simplification. Indeed this is a reasonable approximation since the contribution of the reaction with diinterstitials and He clusters is negligible, as shown in Ref. [26] .
Furthermore, to account for He desorption, the firstorder boundary conditions on both the surface and at sufficient depths are used [22] . Here we assume that the flux of He atoms at the surface is proportional to the concentration of He atoms and limited only by diffusion. This approximation is reasonable enough since the migration energy of He is only 0.06 eV in W, which is regarded as free diffusion. Otherwise we consider the surface as the sink of I, I 2 and V in our model.
Here, the system of ordinary differential equations (ODEs) is solved using the lsoda subroutine package [27] , which is well known as a Livermore solver for ODEs based on the explicit predictor-corrector method, with an automatic switch for stiff/non-stiff problems. More details about our developed model can be found elsewhere [26] .
Results and discussions
To obtain more reliable results, the parameters used here are carefully chosen by considering the pub- ) are critical parameters for reaction dynamics processes and must be chosen correctly. The migration energies used here are E m I = 0.013 eV [28] , E m V = 1.66 eV [29] and E m He = 0.06 eV [30] for point defects of I, V and He, respectively. The binding energies of mobile point defects (I, Hen−He ) can be obtained by ab initio calculation or using the capillary law approximation for a large size n, in which the basic parameters for different cases are employed as: with E f I = 9.466 eV [31] , E b I2 = 2.12 eV [15] , E f V =3.80 eV [31, 32] , E b V2 = 0.6559 eV [33, 29] , E f He = 4.0 eV and E b He2 = 1.02 eV [14, 15] , respectively, where E [15] . For larger clusters the data were extrapolated. In this model mixed SIA-He clusters are also considered. The corresponding binding energy is set to 0.94 eV and is independent of cluster size [14, 15] . To verify our model, the calculated results are first compared with the published experimental ones [3, 5] , as shown in Fig. 1 . The damages (dpa, displacement/Watom) and accumulations of He atoms (apa, He/Watom) in W determined by the TRIM-code [24] are used as the initial distributions of point defects in the calculation, and the apa are also plotted together for comparison. The calculated depth profiles of He atoms in W are comparable to the experimental ones for both the cases of He ions with different incidence energies and fluence (case one: 1.5 keV, 3.5 ×10 21 m −2 ; case two: 8 keV, 5 ×10 21 m −2 ) at 300 K. Two effects control the depth distribution profile of He atoms in W: trapping and diffusion effects. The competition between these two effects makes the profiles have a peak (located at about 9 ∼ 10 nm and 25 nm for the two cases, respectively) and a long tail beyond the projected range. The penetration depths calculated here are somewhat undervalued compared with the experimental ones, which may well be attributed to the approximation of the model, such as the neglect of the mobility of the larger defects, or due to the special experimental conditions and errors in measurement. For case two, the considerable deviation near the surface may come mainly from the adsorption of He atoms by the W surface in the experiment, and partly from the choice of the boundary condition on the system surface in the calculation. Fig.1 Comparison of the calculated depth profiles of retained He atoms in W with the experimental data [3, 5] under He ion irradiation. The He ions with a mean energy of 1. (solid line, case two) are irradiated on W at 300 K. Injected He atoms (apa) profiles calculated by the TRIM-code [24] with He ion energies of 1.5 keV and 8 keV are also plotted together for comparison (color online)
In the following, as a typical case, we consider the contributions of trapping and diffusion effects for He accumulation distribution, along with depth in W for He ions with an incidence energy of 8 keV and a flu-
19 m −2 s −1 ) at 300 K. Fig. 2 shows the concentrations of He atoms and the respective types of He clusters (such as He n , He n I, He n V) with depth under this typical condition. Here, n denotes the sum of the same type of He clusters from 1 to n. It is shown that the concentration of He atoms has a peak near the surface due to the trapping effect by intrinsic defects (e.g. SIA and vacancy caused by 8 keV He ion irradiation) and self-accumulation, while it is almost a diffusion process of He atoms far from the surface for lack of sinks, except for minor self-accumulation. In addition, the contributions of the He concentration mainly come from He n and He n V partly from He n and He n V near the surface, as shown in the insert of Fig. 2 , which most probably originate from the high concentration of He atoms and SIAs, and especially their high mobility. However, for depth far from the surface, the contributions by both He n I and He n V drop sharply when the numbers of intrinsic defects fade, which is attributed to the lower binding energy of He n I (0.94 eV) and the localization of vacancies with much high migration energy (1.66 eV), respectively. With the much higher mobility and binding energies of He n clusters, clusters dominate the distribution of He atoms far from the surface in W. The cluster size distributions of different types of defects evolve during He ion irradiation. Indeed some of the mobile defects can be desorbed from the surface of W, while others, meeting other clusters, stop moving to become part of a bigger cluster. The typical cluster distributions of different types of He defects are presented in Fig. 3 for He ions with an incidence energy of 8 keV and a fluence of 5 ×10 21 m −2 at 300 K. Here the concentrations of different types of He clusters denote the sum of the same type through the whole depth. Also, He n I clusters (around 66% of He n−all ) dominate He cluster concentration, while He n and He n V clusters (respectively about 16 % and 18% of He n−all ) are minor parts. The most frequent sizes of He n−all , He n , and He n V are typically less than five, while the size of He n I clusters can grow much larger than several tens.
The reasons are, from the respective initial concentrations, corresponding rate coefficients and the motilities of different types of defects; the same as discussed above. These results are consistent with the depth distributions as shown in Fig. 2 and are similar to the results obtained using the object kinetics Monte Carlo (OKMC) method in Ref. [15] . In addition, we will discuss the stabilities of the different typical clusters mentioned above. For simplicity, but without loss of generality, only He V, He I, He 2 and I 2 clusters are considered here. The stabilities of these clusters are directly related to their respective dissociation energies (the sum of binding energy and migration energy). The dissociation energies of HeV, HeI, He 2 and I 2 are 6.29 eV, 1.013 eV, 1.14 eV and 2.146 eV, respectively, which makes the stable order is HeV>I 2 >He 2 > He I. Finally a minor influence of dislocation lines and grain boundaries can be found, as considered in detail in Ref. [26] .
Conclusions
The accumulation of He on a W surface during keVHe ion irradiation has been simulated based on cluster dynamics modeling. The concentration of He atoms versus depth is quite close to the experimental data, which demonstrates that the model used here is rather reasonable. He atoms can be accumulated by binding with SIAs, vacancies/vacancy clusters and other He atoms in W. Related to their respective mobility and rate coefficients in reacting with other defects, the concentrations of He atoms of different types, along with depth, can be determined. He n I clusters dominate the concentration of He atoms, He n and He n V and clusters remain minor parts. The trapping effect of He atoms by intrinsic defects, as well as self-accumulation, makes the distribution of He atoms mainly located near the surface, while the diffusion effect of mobile defects (like He) makes the distribution profile extend to a depth far from the surface. These results are of great help
